INTRODUCTION
The toughness of self-reinforced silicon nitride ceramics can be improved by enhancing crack deflection and crack bridging mechanisms. l 3 Both mechanisms rely on the interfacial debonding process between the elongated P -S i 3 N 4 grains and the intergranular amorphous phases. The various sintering additives used for densification may influence the interfacial debonding process by modifLing (1) the thermal and mechanical properties of the intergranular glasses, which will result in different residual thermal expansion mismatch stresses: and (2) the atomic bonding structure across the p-Si3N4/glass interfa~e.~ Earlier studies indicated that self-reinforced silicon nitrides sintered with different rare earth additives and/or different Y203:Al203 ratios could exhibit different fkacture behavior that varied fiom intergranular to transgranular fiacture.6-8 However, no systematically studies have been conducted to investigate the influence of sintering additives on the interfacial fracture in silicon nitride ceramics. Because of the complexity of the material system and the extremely small scale, it is difficult to conduct quantitative analyses on the chemistry and stress states of the intergranular glass phases and to relate the results to the bulk properties.
In the current itudy, the influence of different sintering additives on the interfiicial fracture behavior is assessed using model systems in which p-Si3N4 whiskers are embedded in SiAlRE (RE: rare-earth) oxynitride glasses. By systematicdy varying the glass composition, the role of various rare-earth additives on interfacial fracture has been examined. Specifically, four different additives were investigated: Al203, Y203, h 2 0 3 , and Yb203. In addition, applying the results from the model systems, the R-curve behavior of self-reinforced silicon nitride ceramics sintered with different Yz03:Al203 ratios was characterized.
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EXPERIMENTAL PROCEDURE
In the model system, 5 vol.% p-Si3N4 whiskers were embedded in oxynitride-glasses.
The processing parameters and the compositions of the glasses are listed in Table 1 . The processing procedures are described in detail in Ref 9 . For each sample, glass formation, complete dissolution of the starting powders, and retention of p-Si3N4 whiskers were confirmed by x-ray diffraction analyses. The linear thermal expansion coefficients (a) and the glass transition temperatures (Tg) were measured using a dud rod dilatometer, following the procedures described in Ref. 10 . Microstructural and compositional analyses were carried out using scanning electron microscopy (Hitachi S4100) equipped with energy dispersive spectrometry capable of light element detection.
Table 1.
Coripositions and processing conditions of the p- The debonding response of the whisker/glass interface in the different systems was evaluated by an indentation-induced crack-deflection method, as illustrated by the schematical diagram in Figure l(a) . A cube-corner diamond indenter with a 30-35 gram applied load was used to generate cracks in the glass. When the indentation crack plane intersects the longitudinal axis of the whisker, the crack will either deflect at the whiskedglass interface or penetrate the whisker, depending on the angle of incidence (e).
For a specific interface, it becomes increasingly more difficult for a crack that is propagating in the matrix to deflect at and travel along the interface as 8 is increased towards 90". By characterizing the interface debond length, kdb, versus 8, the maximum angle of incidence for the onset of interfacial debonding (€Icrit) can be determined, as shown in Figure l(b) . By comparing the 8, and Zdb values, the interfacial debonding energy in different systems can be assessed.
Self-reinforced silicon nitride ceramics sintered with different Y203:f%03 additive ratios (but same total amounts) were studied in conjunction with the Si3N4(,~)/oxynitrideglass model systems. Three different Y203:1U203 ratios were employed: 1: 1, 2 3 and 3:l (ratio in eq.%). Thwfraction of large elongated grains in these samples was controlled by incorporating 2 wt.% elongated p-Si3N4 seeds into the ceramics, following the procedures 
RESULTS AND DISCUSSION

Interfacial Debond ing Behavior in the Si3NNwhisLerjOxyni tride-Glass Systems
The interfacial debonding behavior in the Si3NdSi-AI-Y glass systems processed at high temperatures for a short period of time (AIYlO, AIY20-I, YAl10 and YAl20-I)' is briefly summarized here. As shown in Figure 2 , systems AlY10, YAllO and YAW-I showed similar debonding behaviors, while system AlY20-I exhibited much lower e , , and ldb values compared to the other three systems, indicating a higher interfacial debonding energy. Microstructural characterization revealed formation of a P'-SiAION layer at the Si3Ndglass interface in system AlY20-I, which was absent in the other systems5
These results indicate that the e, , and ldb &dues are decreased when an interfacial SiAlON layer forms. Phase equilibrium indicates that the formation of p'-SiAlON phase from the Si-Al-Y oxynitride glasses is thermodynamically favorable when the nitrogen content is greater than 16 eq.%.13 However, the kinetics of the interfacial phase formation depends upon the specific glass composition and processing conditions. Among the four systems discussed above, SiAlON-formation was observed only in system AlY20-I under the processing conditions employed (1600"-1700°C for several minutes). It is possible for SiAlONformation to occur in the other high-nitrogen system (YAl20) with extended holding times at elevated temperatures.
The formation of SiAlON layers and its influence on the interfacial debonding strength were studied by examining the microstructure evolution and interfacial debonding behavior of systems AlY20-I1 and YAl20-11, which were obtained by annealing AlY20-I and YAl20-I respectively. P'-SiAlON growth on the P-Si3N4 whisker indeed occurred in the YAl20 system, as shown in Figure 3(a) . Furthermore, the interfacial debonding behavior of system YAl20 changed dramatically after the annealing treatment (Figure 3(b) ). On the other hand, the debonding behaviors of system AlY20 remained the same after the annealing treatment. Compared with the data in Figure 2 , it is noted that the values are significantly lower in all the systems with SiAlON-formation (AIY20-1&11 and YAl20-11) --50" in systems with
SiAlON versus -70" without SiAlON. These results appear to confirm that SiAlON growth on the p-Si3N4 grains induces in a high interfacial debonding energy. 
Residual Thermal Mismatch Stresses
The residual thermal mismatch stresses in these Si3N4(,h~~~o~ynitride-glass systems were analyzed using a modified Eshelby model, in which the whiskers were simulated as ellipsoidal inclusions with an aspect ratio of 1O:l. 14* l5 The thermal and mechanical properties of the glasses and the p-Si3N4 crystal used in the predictions were measured ( Table 2 ). Previous studies found that the elastic modulus of oxynitride glasses does not vary significantly with compositiong and the residual thermal mismatch stresses were more sensitive to the thermal properties than the mechanical properties. Therefore, an average elastic modulus value of 145 GPa was used in the current calculations. Poisson ratios of the whiskers and glasses were assumed to be 0.29 and 0.26 respectively. The results indicate that SiAlON formation determines the e,,, values while the influence of the residual thermal mismatch stresses appears to be negligible (Figure 6(a) ). On the other hand, it is noticed that among systems without the SiAlON formation, the debonding'length at a fixed angle of incidence generally increases with decreasing residual stresses ( Figure  6(b) ). However, no such relationship was observed in systems with the SiAlON formation. 
R-Curve Behavior of Seeded Silicon Nitrides with Different Sintering Additives
The seeded silicon nitride ceramics exhibited R-curve responses that were dependent on the ratio of yttria to alumina sintering additives. As shown in Figure 7 , the materials sintered with the highest Y203:Al203 ratio exhibit the highest steady-state toughness and a steeply rising R-curve, while the materials sintered with the lowest Y203:Al203 ratio have the lowest steady-state toughness. In-situ observation of crack propagation and interaction with microstructural features indicated that crack-deflection and bridging occurred more readily in the higher yttria-content samples (Figure 8) . However, the main cause for the different interface fracture behavior in these three ceramics was residual stresses, instead of interfacial phase formation as shown in the whiskedglass model systems, because SiAlON growth was present in all the three ceramics studied due to the long processing time at elevated temperatures. Also, it is possible that the influence of residual stresses on the interface fracture is greater in the ceramics than in the whisker/glass systems due to the significantly different volume fractions of the glassy phases. Ongoing research is focusing on the measurement and analytical modeling of residual stresses in silicon nitride ceramics.
Crack Length (pm) Figure 7 . R-curve response of self-reinforced silicon nitrides sintered w i t h different yttria to alumina additives. 
CONCLUSION
In Si3N4(~~~oXynit~de-glass model systems, interfacial debonding behavior is determined by the interfacial microstructure and chemistry. In Si-Al-RE(Y)-0-N glasses, the interfac"ial debonding energy increases significantly with SiAlON formation. Al-fiee glasses enhance interfacial debonding by inhibiting SiAlON formation. Compared to the interfacial microstxucturdchemistry, the residual thermal mismatch stresses are a secondary influence on the debonding behavior. In systems without SiAlON formation, the residual stresses modi9 the debonding length. In self-reinforced silicon nitride ceramics, a higher yttria to alumina additive ratios resulted in a higher steady state toughness. Sophisticated -experimental and analytical-modeling work are required to understand the influence of the residual stresses on the interfacial fracture behavior in self-reinforced silicon nitride ceramics.
